This is true for the two major lineages of bilaterian animals, the deuterostomes (including sea urchin 35 and humans) and protostomes (including annelids and insects) and the cnidarians (e.g. the sea 36 anemone), which are representatives of more ancient animals. However, the interaction of these 37 genes has been studied in deuterostomes and cnidarians but not in protostomes. Here, we present 38 the first study the function of the gene foxQ2 in protostomes. We found that the gene acts at the top 39 level of the genetic network and when its function is knocked down, the labrum (a part of the head) 40 and higher order brain centers do not develop. This is in contrast to the other animal groups where 41 3 foxQ2 appears to play a less central role. We conclude that foxQ2 has acquired additional functions 42 in the course of evolution of protostomes. 43 44
(part of the CX) was shortened (Fig. 3B ,B´, CB marked in yellow) and the brain hemispheres were 169 slightly fused (Fig. 3 , compare black arrowheads in B´,C´ with A´). In stronger phenotypes, the CB was 170 clearly reduced in size and the MBs were not detectable anymore. Further, the brain hemispheres 171 appeared fused at the midline (Fig. 3C ,C´). We tested the MB phenotype by RNAi in the background 172 of the transgenic MB-green line which marks MBs by EGFP (Koniszewski et al., 2016). We observed a 173 similar range of MB body phenotypes (Fig. S3 ). In addition, we found misarranged MBs had lost their 174 medial contact (Fig. S3, filled arrowheads) . Noteworthy, the strength of epidermal and neural 175 phenotypes correlated. Larvae with weak neural defects showed a decreased labrum, while strong 176 neural phenotypes correlated with lack of the entire labrum. Taken together, we found Tc-foxQ2 to 177 be required for brain formation with the MBs, the CB (part of the CX) and the midline being strongly 178 affected. Again, these defects are similar to those reported for Tc-six3 loss-of-function (Posnien et al., 179 2011b). 180
Dynamic expression of Tc-foxQ2 in the anterior head
181
The expression of Tc-foxQ2 started in two domains at the anterior terminus of the germ rudiment 182 (Fig. 4A,B) . At late elongating germ band stages, the domains split into several subdomains in the 183 9 AMR like in the labrum anlagen (empty arrowhead in Fig. 4F ,H) and domains lateral to the 184 stomodeum (empty arrow in Fig. 4G,I ). Besides, there are also domains in the neuroectoderm (e.g. 185 white arrow in Fig. 4F ,L; see approximate fate map in Fig. S4 ). Very weak staining in the ocular region 186 was detected with the tyramide signal amplification (TSA) system (Fig. 4K) . These data confirm the 187 anterior expression of foxQ2 orthologs found in other animals and is in line with its function in 188 labrum and neural development. Tc-wg domain overlapped with Tc-foxQ2 expression (Fig. 5A ). In contrast, we found complete overlap 197
with Tc-six3 expression at early embryonic stages (Fig. 5B0) , which developed into a mutually 198 exclusive expression at intermediate elongating germ bands (Fig. 5B2) . Afterwards, these genes 199 remained expressed mutually exclusive apart from a small anterior median neuroectodermal region 200 (lateral area marked in Fig. 5B3-6 ) and the labrum anlagen (median area marked in Fig. 5B5-6 ). These 201 data are in agreement with the interactions described for sea urchin where six3 initially activates 202 foxQ2 while at later stages six3 gets repressed by foxQ2 (see introduction). The later coexistence of 203 mutually exclusive and co-expression domains along with the many different expression domains of 204
Tc-foxQ2 indicate a complex and region specific regulation. Early co-expression developing into 205 partially overlapping expression patterns was observed for both Tc-cap´n´collar (Tc-cnc) and Tc-206 scarecrow (Tc-scro/nk2.1) (Fig. 5C-D) . For Tc-crocodile (Tc-croc) a small overlap was observed, which 207 remained throughout development ( Tc-retinal homeobox (Tc-rx) was expressed in a largely non-overlapping pattern apart from small 211 domains in labrum and neuroectoderm at late stages (Fig. 6A) . Tc-chx and Tc-ser start expression 212 largely overlapping with Tc-foxQ2 but later resolve to mainly non-overlapping patterns (Fig. 6B,E) . Tc-213 forkhead (Tc-fkh/foxA) expression was essentially non-overlapping (Fig. 6C) . Tc-six4 marks a region 214 with molecular similarity to the vertebrate placodes (Posnien et al., 2011a) . No co-expression was 215 observed until late stages where a small domain in the anterior median neuroectoderm expresses 216 both genes (Fig. 6D) . In summary, Tc-foxQ2 expression indicated a central and dynamic role in the 217
aGRN. 218 219
Tc-foxQ2 is required for Tc-six3 expression and is repressed by Wnt signaling 220 We wondered in how far the interactions of foxQ2 in other species were conserved in Tribolium. 221
Unexpectedly, Tc-six3 expression was strongly reduced or absent in Tc-foxQ2
RNAi germ rudiments 222 (compare Fig. 7A1 with B1) , which contrasts the findings in cnidarians and sea urchins. At later stages 223
Tc-six3 expression emerged but was reduced in strength and size with respect to the median 224 expression domain ( Fig. 7B2-4 ; empty arrowheads). The lateral neuroectodermal domains appeared to 225 be more sensitive to Tc-foxQ2 knockdown and were strongly reduced or even absent at later stages 226 ( Fig. 7B2-4 ; arrows). Conversely, Tc-foxQ2 was virtually absent in Tc-six3 RNAi embryos (Fig. 7D1-4 expression domain of Tc-cnc in the labrum was strongly reduced after the knockdown of Tc-foxQ2 243 (Fig. 8B1-4) . Likewise, Tc-croc expression was affected but the reduction was restricted to the anterior 244 boundary of expression (empty arrowheads in Fig. 8D1-4) . Its posterior expression around the 245 stomodeum was largely unchanged. Conversely, in Tc-croc and Tc-cnc RNAi we observed no 246 alteration of Tc-foxQ2 expression at early stages (not shown) indicating an upstream role of Tc-247 foxQ2. However, at later stages, expression of Tc-foxQ2 was reduced in the labrum in both 248 treatments (Fig. S7 ). Next, we tested the median AMR markers Tc-scro/nk2.1 and Tc-fkh. Tc-249 scro/nk2.1 was reduced anteriorly and laterally in Tc-foxQ2
RNAi embryos in early elongating germ 250 bands (Fig. 8F1 , empty arrowhead) but its posterior aspects remained unchanged. In contrast to wt 251 embryos, the stomodeal/labral expression remained connected to the lateral expression in 252 neuroectoderm ( Fig. 8F2-4 RNAi embryos only the lateral aspects of Tc-261 foxQ2 expression appeared mildly decreased ( RNAi embryos, showing only small 274 spots of expression at the anterior rim (white arrow in Fig. 9D1 ). Later, the lateral expression 275 developed normally while a median aspect of its expression was lost (white arrows in Fig. 9D2-4) . Tc-rx 276 expression at early elongating germ band stages was absent after Tc-foxQ2
RNAi (Fig. 9F1 ). This was 277 13 unexpected because Tc-rx is largely expressed outside the Tc-foxQ2 expression domain ( Fig. 6A0-2 ) 278 arguing against a direct effect. Indeed, our misexpression studies indicate a repressive role (see 279 below). At later stages, the lateral aspects of Tc-rx expression recovered but the labral expression 280 domain was reduced or lost, in line with co-expression (empty arrowheads in Fig. 9F2-3) . 281
Next, we scored Tc-foxQ2 expression in Tc-chx
RNAi , Tc-six4
RNAi and Tc-rx RNAi embryos. In neither 282 treatment the early aspects of Tc-foxQ2 expression were affected while at later stages, we found 283 expression differences within the neurogenic region (Fig. S10) . These results confirm the upstream 284 role of Tc-foxQ2 in early anterior patterning and they confirm that the interactions of the aGRN at 285 later stages differ from the early ones. We found no change of cell death in the neurogenic region of 286
Tc-foxQ2
RNAi embryos until retraction, where cell death was significantly increased 1.5 fold (p=0.023). 287
Hence, the observed changes in expression domains are likely due to regulatory interactions but not 288 due to loss of tissue ( not yet been applied to the study of gene function. From eight independent transgenic lines we 293 selected one for our experiments, which showed the most evenly distributed misexpression upon 294 heat shock (Fig. S12) . Heat shock misexpression led to a reproducible pleiotropic cuticle phenotype. 295
With respect to the anterior head the bristle pattern showed diverse signs of mild disruption (Fig.  296   S13 ). Outside its expression domain, Tc-foxQ2 misexpression led to a reduced number of segments in 297 the legs, the abdomen and the terminus. For our experiments, we used the earliest possible time 298 point of misexpression (at 9-13 h AEL), which led to higher portion of anterior defects compared to 299 14-20 h AEL and 20-25 h AEL (not shown). At 14-18 h AEL the heat-shocked embryos were fixed and 300 14 marker gene expression was scored. Wt embryos undergoing the same procedure were used as 301 negative control. 302
Strongest effects were found with respect to genes with comparable late onset of expression, i.e. Tc-303 rx, Tc-six4, Tc-scro/nk2.1 and Tc-cnc (Fig. 10) . The Tc-rx expression was reduced to a spotty pattern 304 (Fig. 10A-C) . This repressive function of Tc-foxQ2 on Tc-rx is in line with the non-overlapping adjacent 305 expression of these two genes ( Fig. 6A0-2) . Therefore, we assume that the reduction of Tc-rx found in 306
RNAi is due to secondary effects rather (see above). Ectopic Tc-foxQ2 expression caused a premature 307 onset and an expansion of Tc-six4 expression (Fig. 10E,F) and an additional ectopic domain was found 308 in the posterior head (white arrowhead in Fig. 10E,F) . Tc-scro/nk2.1 expression emerged precociously 309 and was expanded in size (Fig. 10H,I ). Later, the domain was altered in shape and had a spotted 310 appearance. In case of Tc-cnc, a posterior expansion of the expression was observed (empty 311 arrowhead in Fig. 10N,O with previous work we present the most comprehensive aGRN within protostomes (Fig. 11) . We 324 found that Tc-foxQ2 is required at the top of the gene regulatory network to pattern the anterior-325 most part of the beetle embryo. Within the regulatory module, Tc-six3 appears to be primus inter pares based on a number of 342 criteria: Its expression starts a bit earlier (at the differentiated blastoderm stage compared to the 343 germ rudiment expression of Tc-foxQ2) and has a larger expression domain, in which early Tc-foxQ2 344 is completely nested. Further, the loss of Tc-foxQ2 in Tc-six3 RNAi is more complete even at later 345 stages compared to the converse experiment (Fig. 7) . Finally, the Tc-six3 cuticle phenotype is more 346 (Fig. 5B2-6 ). Just small domains in the neuroectoderm and the labrum continue to co-express 351 both genes (encircled in Fig. 5B3-6 ). Given the almost mutually exclusive expression they might even 352 switch to mutual repression at these later stages. In line with this scenario the heat shock 353 misexpression of Tc-foxQ2 led to a reduction of lateral aspects of Tc-six3 expression (Fig. S14) . Hence, 354 it could be that later repression of six3 by foxQ2 is conserved between sea urchin and beetles. 355
356
Protostome foxQ2 evolved novel functions in head and brain development 357 Functional studies of foxQ2 orthologs were restricted to a sea urchin as model for deuterostomes 358 and the sea anemone, a cnidarian, representing the sister group to the bilaterian animals. We 359 provide the first functional study in protostomes, which allows us drawing first conclusions on the 360 evolution of foxQ2 function. Compared to sea urchin and sea anemone, Tc-foxQ2 plays a much more 361 important role in our protostome model. First, it is clearly required for epidermal development 362 documented in the loss of the entire labrum in knockdown animals. This is in contrast to sea urchin 363 and sea anemone where no epidermal phenotype was described apart from a thickened animal plate 364 The evolutionary scenario: foxQ2 gaining functions in animal evolution conserved function, at early stages, foxQ2 shows co-expression with six3 in deuterostomes and 378 cnidarians and a nested expression within protostomes. In all cases, foxQ2 arises within the six3 379 domain (Fig. 12 left column) . At later stages, in contrast, expression is more diverse. Some species 380 retain nested or co-expression with six3 while other species develop six3 negative/foxQ2 positive 381
domains similar to what we found in the beetle. In other species, the anterior-most region is cleared 382 from expression of both genes (Fig. 12 right column) . This variation is not clearly linked to certain 383 clades indicating that the regulatory interactions at later stages may have evolved independently. In 384 addition to the novel functions described above, there are conserved functional aspects as well: 385 
RNAi

426
To test for RNAi efficiency, we detected Tc-foxQ2 mRNA in Tc-foxQ2 RNAi embryos (6-26 h AEL). As 427 expected, no signal was detected using regular detection settings (not shown) but increasing the 428 exposure time revealed residual Tc-foxQ2 expression at advanced embryonic stages ( Fig. S5 ; note the 429 increased background in B,D,F,H). These domains reflected only part of the wt expression pattern 430 indicating autoregulatory interactions restricted to some domains. Our subsequent analyses focused 431 on early patterning where the RNAi knockdown was shown to be very efficient (Fig. S5A,B) . The templates for the non-overlapping dsRNA fragments, used in this study, were generated by PCR 444 from a plasmid template using following primers (including T7 RNA polymerase promoter sequence): 445 Table S7 . 474
The normalized data was tested with R (v.2.14.2; http://www.R-project.org/) for the homogeneity of 475 the variances via the box plot, and for normal distribution, via the Shapiro-Wilk test. To test for 476 significance, three statistical tests were conducted: Welch t-test, two sample t-test and the Wilcoxon 477 rank-sum test. All three tests showed the same levels of significance. 
